Research in context**Evidences before this study:** HIV-1 transmission mediated by semen leukocytes plays a predominant role in infecting individuals and may represent a mechanism through which the virus can evade antibody-based immunity. When pursuing success in therapeutic antibody strategies, potency of bNAbs against both cell-free and infected cell-associated pathways should be considered.Previous studies have reported that the ability of broad neutralizing antibodies (bNAbs) to interfere with cell-to-cell transmission depends on the cell type and the antibody used, however, there is no indication that bNAbs can prevent transmission mediated by semen leukocytes. Cell lines or even CD4+ T cells derived from blood have a different phenotype compared to semen cells. Thus, it is of utmost importance to establish more physiologically relevant *in vitro* systems which could predict the *in vivo* potency of bNAbs and inform immunoprophylaxis studies.**Added value of this study:** Using the non-human primate model of SHIV~162P3~ infection, we describe a method for blocking cell-to-cell transmission with bNAbs using cells from spleen and semen from *in vivo* infected macaques. This assay could be used to down-select bNAbs displaying both high potency and efficacy against cell-to-cell transmission.We provided evidences that bNAbs, including the anti-N-glycans/V3 loop bNAb 10--1074, inhibited with high efficiency *in vitro* cell-to-cell transmission mediated by both infected spleen cells and CD45+ semen leukocytes. This is the first study demonstrating that bNAbs could prevent transmission mediated by infected semen lymphocytes and the results support the use of bNAbs in clinical trials aiming to block cell-associated HIV-1.**Implications of all the available evidences:** bNAbs represent a promising approach to HIV-1 prevention and treatment. Nevertheless challenges accompany the use of bNAbs, including sub-optimal efficacy in virus cell-to-cell transmission. Incomplete neutralization may allow HIV-1 to evade certain neutralizing responses by spreading through cell-cell pathway and favouring emergence of escape mutations. Current bNAbs may not be as broad and potent as predicted by *in vitro* assays. New screening methods that better predict *in vivo* bNAb sensitivity would help to select antibody candidates to be used in immunotherapy regiments.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

HIV-1 infection continues to be a major public health issue, with sexual transmission mediated by semen being responsible for more than 60% of new transmission events [@bib0001]. The virus is present in the semen as cell-free virions and also in lymphocytes [@bib0002], [@bib0003], [@bib0004]. Various *in vitro* and *ex vivo* studies have demonstrated that cell-associated virus (CAV) is transmitted 10- to 100-fold more efficiently than cell-free virus \[[@bib0002],[@bib0005],[@bib0006]\]. In addition, we and others have shown that systemic infection can be initiated in macaques *in vivo* following either intravaginal, intrarectal, or intravenous inoculation of SIV-infected cells [@bib0007], [@bib0008], [@bib0009]. Indeed, semen leucocytes are productively infected during all stages of SIVmac infection in cynomolgus macaques [@bib0010], similarly to those of HIV-1 infected humans \[[@bib0011],[@bib0012]\]. Finally, several clinical studies have suggested a role for infected cells in sexual HIV-1 transmission.

An increasing number of studies have reported that broadly neutralizing antibodies (bNAbs) efficiently prevent *in vivo* intravenous and mucosal infection by cell-free HIV/SHIV [@bib0013], [@bib0014], [@bib0015], [@bib0016], [@bib0017], [@bib0018], [@bib0019], [@bib0020]. However, bNAb-mediated inhibition of CAV transmission has been largely overlooked. The partial efficacy of the PGT121 bNAb against cell-to-cell transmission *in vivo* in macaques [@bib0008] highlights the need to identify new Ab candidates against this mode of viral transmission. The few *in vitro* studies performed to date have yielded conflicting results, possibly due to the different experimental systems used [@bib0021], [@bib0022], [@bib0023], [@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028], [@bib0029]. Nevertheless, there is a large consensus that most bNAbs are less potent *in vitro* against cell-to-cell transmission than cell-free viral infection \[[@bib0021],[@bib0024],[@bib0025],[@bib0029]\]. More importantly, studies performed thus far to predict the efficacy of bNAbs against CAV have not used cells infected *in vivo* and whether bNAbs can prevent CAV transmission mediated by semen leucocytes has not been addressed.

It would be ideal to have an *in vitro* assay which could accurately predict the capacity of bNAbs to inhibit cell-to-cell viral spread *in vivo*. Here, we assessed the efficacy of a panel of bNAbs to reduce SHIV~162P3~ cell-to-cell transmission. The source of cell-associated virus was semen leukocytes or splenocytes collected from SHIV~162P3~-infected cynomolgus macaques at the peak of infection. We demonstrate that bNAbs directed against the V3 loop and the bridging region (BR) of the envelope spike are highly effective against cell-associated transmission mediated by *in-vivo* infected spleen cells, even when used individually. Furthermore, the potency of the 10--1074 bNAb, targeting a carbohydrate-dependent epitope in the V3 loop of the HIV-1 envelope spike [@bib0030], was maintained when transmission was mediated by infected semen cells. This study supports the use of bNAbs to block cell-associated virus transmission mediated by semen cells in future *in vivo* studies.

2. Materials and methods {#sec0002}
========================

2.1. Ethics statement {#sec0003}
---------------------

This study used nonhuman primate models of HIV/AIDS in accordance with European Union guidelines for animal care (Journal Officiel des Communautés Européennes, L 358, December 18, 1986 and new directive 63/2010). All work related to animals was conducted in compliance with institutional guidelines and protocols approved by the local ethics committee (Comité d\'Ethique en Experimentation Animale de la Direction des Sciences du Vivant au CEA under numbers A14_067 and APAFIS\#373 2,015,032,511,332,650).

Healthy donor peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats from the Établissement Français du sang (EFS) under informed donor consent. All procedures were in accordance with the ethical standards of the institutional and the regional ethical committee.

2.2. Animals, infection and sample collection {#sec0004}
---------------------------------------------

Adult cynomolgus macaques (*Macaca fascicularis*), weighing 5 to 11 kg, were imported from Mauritius and housed at the CEA/IDMIT infrastructure facilities according to European guidelines for animal care (Journal Officiel des Communautés Européennes, L 358, December 18, 1986 and new directive 63/2010). Animals (\#AX450, \#BA865F, \#AX454 and \#CI901) were infected by intravenous inoculation with a single dose of 1000 50% animal infectious doses (AID50) of SHIV~162P3~. \#MF1414, \#1103075 and \#CA149F were infected by intrarectal inoculation with a single dose of 3 AID50 of SHIV~162P3~.

Semen and blood were collected from sedated animals following a 5 mg/kg intra-muscular injection of Zoletil®100 (Virbac, Carros, France). All animals were tested negative for SIV, SRV and STLV before enrolling into the study.

2.3. Semen collection {#sec0005}
---------------------

Semen was collected at days 11,12, 13, and 14 post-infection from macaques \#BA865F,\#1103075 \#CA147F and \#MF1414, respectively. The protocol of semen collection has been previously described [@bib0010]. Briefly, animals were sedated by a 5 mg/kg intramuscular injection of chlorhydrate Tiletamine (50 mg) combined with chlorhydrate Zolazepan (50 mg) (Virbac, Carros, France) during semen collection. Ejaculation was performed by intrarectal electrostimulation of nerve centers near the prostate with a probe (12.7 mm diameter) lubricated with conductor gel and an AC-1 electro-ejaculator (Beltron Instrument, Longmont, USA). Sequential stimulations were performed, with a pattern of six cycles, each cycle consisting of nine 2 s (s) stimulations followed by a tenth stimulation lasting 10 s. The voltage was increased every two cycles (1--3 V for the first two cycles, 2--4 V for the third and fourth cycle and 6--8 V for the last two cycles). If a complete ejaculate was not obtained after six cycles of stimulation, a 7th cycle at 7--10 V was performed. The complete ejaculate was immediately diluted in 1.2 ml phosphate-buffered saline (PBS).

2.4. Cells, antibodies and viruses {#sec0006}
----------------------------------

TZM-bl cells were obtained from the NIH AIDS Research and Reference Reagent Program (NIH ARRRP) and cultivated in DMEM containing 10% heat-inactivated fetal calf serum (FCS) and antibiotics. Human PBMCs from healthy donors were prepared from buffy coat and then cultivated in RPMI containing 10%FCS, 1% penicillin and streptomycin (PSN), 5 µg/ml phytoemoagglutinin (PHA) (Sigma-Aldrich), and 5 units/ml IL-2 (Roche) for three to four days before use. PBMCs were isolated from human healthy donors and collected using Lympholyte cell-separation media (Cedarlane) by centrifugation, aliquoted, and frozen at −80 °C. PBMCs from two donors were mixed to be used in the neutralization assay. The anti-N glycan 2G12, the anti-membrane proximal external region (MPER) 4E10 and 2F5, the anti-CD4 binding site (bs) b12 bNAbs and 5F3 (anti-gp41 non-neutralizing antibody (NNAb)) were obtained from Polymun Scientific, GmbH (Klosterneuburg, Austria). The anti-V3 10--1074 and PGT128, anti-bridging region (BR) PGT151, the anti-CD4bs N6 and 3BNC117, the anti- MPER 10E8, the anti-glycans V1/V2 PG16 and PGDM1400 bNAbs were provided by Dr. H. Mouquet, Institut Pasteur, Paris, France. The plasmid to produce the infectious molecular clone (IMC) of SHIV~162P3~ (pNL-LucR.T2A-SHIV-SF162P3.5.ecto) virus for *in vitro* studies of Ab inhibitory activity was kindly provided by Dr. C. Ochsenbauer, University of Alabama at Birmingham, USA.

2.5. Semen cell preparation {#sec0007}
---------------------------

Seminal cells were separated from seminal plasma immediately after collection by centrifugation for 15 min at 775 x g, resuspended in 1 ml cold PBS supplemented with 10% FCS and 2 mM EDTA, and kept on ice for no more than 1 h. Cells were then centrifuged for 10 min at 1500 x g, filtered through a 70-µM sieve, and washed with 5 ml cold PBS supplemented with 10% FCS and 2 mM EDTA.

CD45^+^ semen cells from animals \#BA865F, \#1103075, \#CA147F, and \#MF1414 were enriched using CD45 magnetic beads and cell sorting with a BD FACS Aria Flow Cytometer. Total semen cells were incubated for 15 min at 4 °C with 20 μl anti-CD45 magnetic beads (Miltenyi Biotec) and washed once with 2 ml cold PBS supplemented with 0.5% BSA and 2 mM EDTA (sorting buffer). The CD45^+^ cell fraction was then enriched by magnetic-bead sorting, using LS columns (Miltenyi Biotec), according to the manufacturer\'s instructions. Cells were eluted in 4 ml sorting buffer. Following the magnetic bead-based enrichment process, cells were stained with amine-reactive blue dye (Life Technologies) to identify the dead cells, and anti-CD45 (clone D058-1283, BD Pharmingen). Cells were washed twice and stored at 4 °C in PBS/10% FCS. CD45^+^ cells were then sorted by simultaneous four-way sorting on a FACS Aria flow cytometer (BD Biosciences). The enriched cell fraction was used in the neutralization assay.

2.6. Splenocyte preparation {#sec0008}
---------------------------

Spleen cells were mechanically dissociated and isolated by density-gradient separation with Lympholyte cell separation media (Cedarlane) from four animals (\#AX450, \#BA865F, \#AX454, and \#CI901) euthanized at the peak of viremia (between days 10 and 14 post-infection). Aliquots of cells were frozen in 10% dimethyl sulfoxide (DMSO).

2.7. Phenotypic characterization of splenocytes and semen leukocytes {#sec0009}
--------------------------------------------------------------------

Staining was performed on either thawed splenocytes or fresh semen. Amine-reactive blue dye (Live/dead Fixable, Life Technologies) was used to assess cell viability and exclude dead cells from the analysis. Cells were stained with monoclonal antibodies by incubation for 30 min at 4 °C, washed in PBS/10% FCS and fixed in commercial fixation solution (CellFIX, BD Biosciences). A list of antibodies used for staining of the splenocytes and semen leukocytes is shown in Supplementary Tables 1 and 2, respectively. Data were acquired on a FORTESSA instrument (BD Biosciences) using Diva software (BD Biosciences) and analyzed with Flowjo v10 (BD Biosciences).

2.8. *In vivo* cervico-vaginal exposure to SHIV~162P3~-infected splenocytes {#sec0010}
---------------------------------------------------------------------------

Two female cynomolgus macaques (\#CE468 and \#CE470) were treated with 30 mg/kg medroxyprogesterone acetate (Depo-Provera) and then inoculated 30 days later by the vaginal route. Splenocytes from \#AX450 were thawed 1 h before challenge and washed twice before being suspended in 1 mL RPMI medium for administration to macaques. The macaques were inoculated weekly with 10 million cells, corresponding to 4 × 10^6^ viral DNA copies, until two consecutive detectable blood viral RNA loads were detected. Before inoculation, the lower female reproductive tract was inspected for signs of pre-existing inflammation. A lubricated nasogastric tube was used (Centravet) for the inoculation of cells into the vaginal vault. Animals were then kept in a prone position for 5 min. Animals were followed for two to three months after inoculation with the infected cells.

2.9. Cell-free virus titration and neutralization in the TZM-bl assay {#sec0011}
---------------------------------------------------------------------

Viral titrations were performed in TZM-bl cells as previously described [@bib0031]. The tissue culture infectious dose (TCID) 50 was defined as the reciprocal of the viral dilution resulting in 50% positive wells (Reed-Muench calculation). A cut-off value of 2.5 times background relative luminescence units (RLU) was used in the TCID and neutralization assays. A standard inoculum, corresponding to a virus dilution that yielded approximatively 300,000--500,000 RLU equivalents (± 15,000 RLU), was chosen for the neutralization assay to minimize virus-induced cytopathic effects while maintaining the ability to measure a 2-log reduction in virus infectivity. bNAbs were prepared by four serial three-fold dilutions, starting from a concentration of 8.32 µg/ml of a pool of three bNAbs (2G12+2F5+4E10) and 10 µg/ml for the single bNAb 2F5, 2G12, or b12. After 1 h of incubating the Ab with the viral supernatant (IMCs SHIV~162P3~), 10^4^ TZM-bl cells were added to each well and the plates incubated for 48 h before luciferase activity was measured. Cell-free virus infections were carried out in culture medium containing 15 µg/ml of the polycation DEAE dextran (diethylaminoethyl; Amersham Biosciences, Fairfield, Connecticut, USA). Neutralization titers were defined as the Ab concentration at which the relative light unit (RLU) was reduced by 50% relative to the RLU of the virus control wells after subtraction of the background RLU in the control wells with only cells (IC50). By analogy, the IC75 and IC90 were defined as the concentration of Abs able to decrease the percentage of infected cells by 75% and 90%, respectively. The IC50, IC75 and IC90 were calculated using a linear interpolation method [@bib0032]. For calculating the mean, a value of greater than the highest Ab concentration used was recorded if 50% inhibition was not achieved. In contrast, if 50% inhibition was not achieved at the lowest Ab concentration used, a two-fold lower concentration than that value was recorded.

2.10. Assessment of cell-cell transmission and neutralization in the TZM-bl assay {#sec0012}
---------------------------------------------------------------------------------

Cell-cell transmission and inhibition were assessed by co-culturing splenocytes or CD45^+^ semen leukocytes with TZM-bl, in the presence/absence of bNAbs. A titration of infected splenocytes (input 10,000 -- 200,000 cells) was performed to ensure infection of the target cells comparable to that with the free virus, corresponding to 150,000--200,000 RLU. Cells were pre-incubated with serial two-fold dilution of bNAbs, starting from a concentration of 132 µg/ml for 2F5, 4E10 and 2G12 and 50 µg/ml for b12 for 1 h at 37 °C before co-culturing with 10,000 TZM-bl per well. Forty thousand sorted semen cells were co-cultured with 10,000 TZM-bl in the presence/absence of 132 µg/ml of a pool of 2F5+2G12+4E10.

The co-culture was performed in 96 flat-well plates in DMEM medium containing 10% heat-inactivated FCS and antibiotics for 48 h at 37 °C in the absence of DEAE dextran. The inhibition activity was estimated by lysing the cells and measuring production of the luciferase reporter gene in TZM-bl upon the addition of firefly luciferase substrate (Promega, Madison Wisconsin, USA). The IC50, IC75 and IC90 were calculated as described above.

2.11. Cell-free viral titration and neutralization in the PBMC assay {#sec0013}
--------------------------------------------------------------------

Analogous to the TZM-bl assay, the TCID50 was first defined. Then, six steps of a two-fold dilution of bNAbs, starting from 10 µg/ml, were incubated with 20 and 40 TCID50 of viral supernatant (IMCs SHIV162P3) for 1 h. Then, 100,000 PHA-IL2 stimulated PBMCs from two donors were added to each well in 96 round-bottom well plates in RPMI medium containing 10% heat-inactivated FCS, antibiotics, and 20 units/ml IL-2 at 37 °C. Cells were washed on days 1 and 3 and the supernatant from each well collected on day 7 to detect SIVp27 Ag by ELISA using the RETRO-TEK SIV p27 Antigen ELISA (Helvetica Health Care, Geneva, Switzerland), according to manufacturer\'s recommendations. The IC50, IC75 and IC90 were calculated as described for the TZM-bl assay.

2.12. Assessment of cell-cell transmission and neutralization in the PBMC assay {#sec0014}
-------------------------------------------------------------------------------

The protocol was adapted from the cell-free neutralization assays. SHIV~162P3~-infected splenocytes or CD45^+^ semen leucocytes were used as donor cells. Each stock of splenocytes (input 40,000 -- 160,000 cells) was titrated to define the number of cells allowing efficient cell-cell transmission. bNAbs were prepared and used as in the TZM-bl assay at a starting concentration of 132 µg/ml and 15 µg/ml for the 1st- and 2nd-generation bNAbs, respectively. A total of 5.0 × 10^5^, 1.8 × 10^6^, and 3.6 × 10^5^ CD45^+^ leucocytes were isolated from 84, 315, and 52 µl of semen from \#1103075, \#CA147F and \#MF1414, respectively and cells were used in three independent experiments. Forty thousand semen CD45^+^ cells were used for each condition and four three-fold dilutions were prepared starting from 5 µg/ml of the 10--1074 bNAb. For the experiment with semen cells in presence of 2F5+2G12+4E10 the Ab mix was used at a concentration of 132 µg/ml. Cells were incubated 1 h with the Ab before co-culture with 120,000 PHA-IL-2-activated PBMCs from two donors. The co-culture in 96 round-bottom well plates was performed in RPMI medium containing 10% heat-inactivated FCS, antibiotics, and 20 units/ml IL-2 at 37 °C. After seven days of culture, the supernatant was collected to detect viral replication by either RT-qPCR (Superscript III platinum one-step qPCR system) or p27-Ag detection (RETRO-TEK SIV p27 Antigen ELISA, Helvetica Health Care, Geneva, Switzerland), according to the manufacturer\'s recommendations. The IC50, IC75 and IC90 were calculated as described for the TZM-bl assay. Cells were collected and stained for p27 Ag.

2.13. Detection of SHIV-infected cells by intracellular p27 Ag staining {#sec0015}
-----------------------------------------------------------------------

Staining was performed after seven days of splenocytes-PBMC co-culture. Dead cells were excluded from the analysis using an amine-reactive blue dye (Live/dead Fixable, Life Technologies). An anti-CD45 antibody (clone D058-1283, BD Pharmingen) that does not cross-react with human cells and an anti-CD3 antibody (clone UCHT1, BD Horizon) that does not cross-react with macaque cells were used to discriminate human PBMCs (CD45^−^CD3^+^) from macaque splenocytes (CD45^+^CD3^−^). A PE-conjugated anti-p24 antibody (clone KC57, displaying cross-reactivity with the p27 antigen) was used to estimate the transmission and inhibition activity. Cells were incubated with the monoclonal antibodies for 15 min at 4 °C, washed in PBS/10% FCS, permeabilized in Fixation/Permeabilization solution (BD Bioscience) for 20 min at 4 °C, and finally washed twice with Perm/Wash (BD Biosciences). The cells were next stained with KC57 antibody for 15 min at room temperature. Samples were washed twice with Perm/Wash and fixed (CellFIX, BD Biosciences). Data were acquired on a FORTESSA instrument (BD Biosciences) using Diva software (BD Biosciences) and analyzed with Flowjo v10 software (BD Biosciences).

2.14. Quantification of the viral load in plasma, seminal plasma, and culture supernatants {#sec0016}
------------------------------------------------------------------------------------------

Blood plasma was isolated from EDTA-treated blood samples by centrifugation for 10 min at 1500 x g and stored frozen at −80 °C. Viral RNA (vRNA) was prepared from 200 µL cell-free plasma or culture supernatants using the Nucleospin 96 virus core kit (Machery-Nagel). Culture supernatants were collected at the indicated time points, centrifugated for 10 min at 1500 x g and stored frozen at −80 °C. Retro-transcription and cDNA amplification and quantification were performed in duplicate by RT-qPCR using the Superscript III Platinum one-step quantitative RT-PCR system (Invitrogen, Carlsbad, USA). RT-PCR was performed as previously described [@bib0033]. The quantification limit (QL) was estimated to be 111 and 1000 copies/ml and the detection limit (DL) 37 and 1000 copies/ml, when quantifying plasma and culture supernant respectively. Semen viral RNA was prepared from 500 µL seminal plasma using the QIAamp Ultrasens Virus kit (Qiagen, Courtaboeuf, France), according to the manufacturer\'s instructions. Quantitative RT-PCR was performed under the same conditions as above, with a QL of 37 copies/ml and a DL of 12.3 copies/ml. QL and DL were estimated to be 1 × 10^4^ and 1 × 10^3^ RNA copies/ml respectively when assaying cell-culture supernatants.

2.15. Viral DNA extraction from splenocytes and semen leucocytes, quantification and normalization {#sec0017}
--------------------------------------------------------------------------------------------------

DNA was extracted from frozen cells using the NucleoSpin Tissue XS kit (Machery-Nagel), according to the manufacturer\'s instructions. DNA was analyzed in duplicate by real-time PCR Taqman assay using the Platinum qPCR SuperMix-UDG kit (Thermo Fisher Scientific) with SIV-gag primers and probe, as described elsewhere [@bib0034]. The SIVmac251 gag complementary DNA sequence, ligated into the pCR4-TOPO (Invitrogen) plasmid and purified with the HiSpeed Maxiprep Kit (Invitrogen), was used as a standard diluted in 5000 cells from uninfected macaques (serial 10-fold dilutions). The detection limit was 30 copies per 10^6^ cells. The reaction, data acquisition, and analysis were performed with the iCycler real-time thermocycler (Bio-Rad).

We verified the number of cells in each unknown sample. DNA from 5000 cells from uninfected macaques was serially diluted 10-fold (up to 10^4^). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was then amplified simultaneously using a primer set and probe, as described elsewhere [@bib0034]. GAPDH-DNA levels in unknown samples were inferred by comparing the threshold cycle (Ct) value against a calibration curve. Unknown samples displayed levels of amplifiable complementary DNA or DNA equivalent to the levels obtained from 5000 cells. Absolute numbers of viral DNA were normalized to 5000 cells. Results are expressed as SIV DNA copy number per 10^6^ cells.

2.16. Data visualization and statistical analysis {#sec0018}
-------------------------------------------------

All data visualization and statistics analysis were performed using GraphPad Prism version 8.1 software (GraphPad Software, La Jolla, USA). Dose-response inhibition curves were plotted using sigmoid dose-response curves (variable slope). The non-parametric Mann Whitney was used to compare the infectivity of the various numbers of splenocytes used in the neutralization assay. P values of 0.05 or lower were considered significant, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.

3. Results {#sec0019}
==========

3.1. Splenocytes from infected macaques are phenotypically similar to semen leucocytes and transmit the infection to target cells *in vitro* and *in vivo* {#sec0020}
----------------------------------------------------------------------------------------------------------------------------------------------------------

We aimed to develop a robust system that allows direct quantification of cell-cell transmission using *in vivo* infected cells. The isolation of semen cells is highly challenging and the modest number of recovered cells does not allow extensive set-up experiments. We investigated whether SHIV~I62P3~ infected spleen cells resemble infected semen cells *in vivo* and could be used as a surrogate model in cell-to-cell transmission experiments.

We initially compared the composition of the immune cells in spleen cells with those of semen cells obtained from three SHIV~I62P3~-infected animals during primary infection ([Table 1](#tbl0001){ref-type="table"} and Supplementary Figure 1). The splenocytes were composed of 1.7 ± 2.5% CD14^+^ monocytes/macrophages, 6.8 ± 1.3% CD3^+^CD4^+^CD8^−^ *T* cells, 7.5 ± 2.2% CD3^+^CD4^−^CD8^+^ *T* cells, and 29.1 ± 7.9% CD20^+^ cells. Most of the CD4^+^ *T* cells were CD28^+^CD95^+^ central memory (CM) cells (62.1 ± 8.7%). CD28^−^CD95^+^ effector memory (EM) and CD28^+^CD95^−^ naive cells were present in smaller proportions (13.8 ± 3.2% and 18.2 ± 14.1%, respectively). The proportion of CD4^+^ *T* cells in semen was similar to that in spleen, representing 9.1% ± 2.5% of total lymphocytes. The proportion of CM and EM cells was also similar to that of splenocytes, whereas semen contained a lower proportion of monocytes/macrophages and a higher proportion of B cells than spleen. We previously reported an increase in the activation state of semen macrophages, CD4+ and CD8+ *T* cells during acute SIV infection \[[@bib0010],[@bib0035]\]. A differential state of activation of spleen cells compared with semen cells might introduce a bias when evaluating cell-cell transmission. We thus analyzed the expression of the activation marker HLA-DR by T lymphocytes and of the differentiation marker CD69 by monocytes/macrophages and T cells. No significant differences were observed, with the exception of a slightly higher expression of CD69 by semen CD3^+^CD4^+^CD8^−^ *T* cells (18.9 ± 17% *vs* 5.9 ± 0.5% of semen *vs* spleen cells, respectively) ([Table 1](#tbl0001){ref-type="table"}). These results, further validated the choice to use splenocytes as surrogate of semen leukocytes.Table 1Comparison of immune cell populations from the spleen and semen of three SHIV~162P3~-infected macaques.Table 1Cell typeOriginSpleenSemen**B lymphocytes**29.1 ± 7.9%0.7 ± 0.7%**Monocyte / macrophage**1.7 ± 2.5%0.8 ± 0.7%% CD69+ cells3.5 ± 3.1%2.1 ± 1.9%**CD4+ T lymphocytes**6.8 ± 1.3%9.1 ± 2.5%central memory62.1 ± 8.7%73.2 ± 5.7%effector memory13.8 ± 3.2%4.2 ± 1.8%naive18.2 ± 14.1%17.9 ± 5.6%% CD69+ cells5.9 ± 0.5%18.9 ± 17%% HLA-DR+ cells11 ± 4.1%18 ± 2.4%**CD8+ T lymphocytes**7.5 ± 2.2%23.4 ± 11.1%% CD69+ cells11.1 ± 5.2%15.5 ± 3.2%% HLA-DR+ cells9.1 ± 6.7%13.2 ± 5.1%

We prepared stocks of splenocytes from four macaques (\#AX450, \#AX454, \#BA865F, and \#CI901), sacrificed between days 10 and 13 post-infection, when the blood viral load (BVL) ranged from 10^5^ to 10^7^ copies/ml ([Fig. 1](#fig0001){ref-type="fig"}a). The BVL was mirrored by the pro-viral load detected in the splenocytes, with cells from \#AX450 containing the highest amount of integrated DNA (4 × 10^5^, 3.8 × 10^3^, 3.29 × 10^3^, and 7.91 × 10^2^ viral DNA copies per 10^6^ cells for \#AX450, \#BA865F, \#AX454, and \#CI901, respectively) ([Fig. 1](#fig0001){ref-type="fig"}b). We titrated the splenocytes using both PBMCs ([Fig. 2](#fig0002){ref-type="fig"}a) and TZM-bl ([Fig. 2](#fig0002){ref-type="fig"}b) as target cells and observed a linear increase in the transfer of cell-cell SHIV~162P3~ infection as the number of spleen cells was progressively increased ([Fig. 2](#fig0002){ref-type="fig"}a, b). PBMCs were more sensitive to cell-mediated infection than TZM-bl cells, allowing viral transmission by spleen cells from the four donors, although with varying efficiency. Indeed, 40,000 splenocytes from \#AX450 produced 3.4 × 10^8^ ± 2.8 × 10^8^ RNA copies/ml, whereas at least twice as many cells from the other three donors were needed to obtain a similar level of infection ([Fig. 2](#fig0002){ref-type="fig"}a). Only splenocytes from \#AX450 efficiently transmitted infection in co-cultures with TZM-bl (*p* \< 0.05, non-parametric Mann Whitney test) ([Fig. 2](#fig0002){ref-type="fig"}b). These results are consistent with the highest level of DNA detected in the splenocytes from \#AX450 ([Fig. 1](#fig0001){ref-type="fig"}b). Of note, among \#AX450 splenocytes, naïve, EM, and CM CD4^+^ *T* cells were the major infected populations, with a DNA viral load 31-fold and 22-fold higher than in monocytes/macrophages (1 × 10^6^ SIV DNA copies per 10^6^ cells in naïve and EM, 7 × 10^5^ in CM and 3.2 × 10^4^ in monocytes/macrophages, respectively).Fig. 1SHIV~162P3~ infection of macaques and detection of infected spleen cells. (a) Follow-up of blood viral RNA load in four macaques intravenously infected with SHIV~162P3~ up to the day of euthanasia. (b) SIV DNA content of SHIV~162P3~-infected spleen cells.Fig. 1Fig. 2*In vitro* and *in vivo* infectivity of SHIV~162P3~-infected splenocytes. (a) Titration of splenocytes in coculture with PBMCs. Viral production was detected by RT-qPCR 7 days post-coculture. (b) Titration of splenocytes in coculture with TZM-bl cells. Infection was recorded as Relative Light Unit (RLU) at 48 h post-coculture after subtraction of the RLU of the control wells (TZM-bl only). Each bar represents the mean and standard error of the mean (SEM) of three or four independent experiments performed in triplicate. Each color represents a different animal. \* *p* = 0.0385, \*\* *p* = 0.0039, non-parametric Mann Whitney test. (c) Follow-up of blood viral RNA load of two macaques (CE470 in violet and CE468 in pink) intravaginally exposed to 10^7^ spleen cells from \#AX450. Arrows represent weekly inoculations of splenocytes, performed for three weeks for CE470 and six weeks for CE468.Fig. 2

We then assessed whether splenocytes from \#AX450 were infectious *in vivo*. Two female cynomolgus macaques were exposed weekly to 10^7^ cells until an infection was clearly detected. Both macaques became persistently infected, with a peak blood plasma viral load of 3.5 × 10^6^ and 1 × 10^6^ viral RNA copies/ml, detected 14 and 56 days after the first intravaginal inoculation, respectively ([Fig. 2](#fig0002){ref-type="fig"}c). Seroconversion was observed in both animals (Ab titer = 4000 three months post-infection).

These results prompted us to use splenocytes from \#AX450 to assess bNAb-mediated inhibition of SHIV cell-to-cell transmission.

3.2. Inhibitory activity of a mixture of bNAbs against cell-free and cell-to-cell SHIV~162P3~ transmission {#sec0021}
----------------------------------------------------------------------------------------------------------

We compared the potency of bNAbs in neutralization assays against cell-free *versus* cell-associated SHIV transmission by initially determining the TCID50 of cell-free SHIV~162P3~ in TZM-bl cells. DEAE-dextran was used to distinguish cell-free from cell-associated virus infection \[[@bib0021],[@bib0029]\]. A standard inoculum, corresponding to approximately 150,000--200,000 RLU equivalents, and an input of 10^5^ spleen cells, which yielded comparable virus infectivity, was chosen for the neutralization assay. This allowed us to minimize virus-induced cytopathic effects while comparing the same input of virus in the two infection models (data not shown).

We previously successfully inhibited cell-free transmission of SHIV~162P3~ with the pool of 2F5, 2G12, and 4E10 bNAbs *in vitro* and *in vivo* [@bib0020]. Thus, we used the same panel of bNAbs to evaluate their inhibitory activity against cell-to-cell SHIV~162P3~ transmission. Coculture experiments were carried out in the presence of decreasing amounts of the bNAbs pool until 100% viral infectivity was regained. The pool inhibited SHIV~162P3~ cell-cell transmission with a mean IC50 value of 78.09 ± 36.85 µg/ml in the TZM-bl assay ([Fig. 3](#fig0003){ref-type="fig"}a and Supplementary Table 3) and a mean IC90 value of 53.45 ± 12.65 µg/ml in the PBMC assay ([Fig. 3](#fig0003){ref-type="fig"}b and Supplementary Table 3). Comparison of the inhibitory activity with the two transmission modes showed that the Ab mix had considerably less potency against cell-cell transmission than cell-free infection in TZM-bl and PBMC (132- and 190-fold lower IC50 and IC90, respectively) (Supplementary Table 3). Individual Abs 2F5, 2G12 and 4E10 blocked cell-free infection with higher potency, as reflected by fold change of IC50 (in TZM-bl assay) and IC90 (in PBMC assay) \>1. In addition, bNAbs displayed higher efficacy in cell-free assays, as reflected by higher maximum inhibition at saturating concentrations of antibody (Supplementary Table 3). 2G12 did not inhibit both cell-free and cell-to-cell SHIV~162P3~ transmission at the concentration used in the assay (mean ± SD values from three independent TZM-bl-splenocytes coculture experiments were 297,000 ± 102,600 in absence of Ab and 175,800 ± 29,800, 148,000 ± 48,000, 194,000 ± 58,000 and 142,000 ± 35,000 in presence of 2G12 at 132 ug/ml, 66 ug/ml, 32 ug/ml and 16.5 ug/ml, respectively) ([Fig. 3](#fig0003){ref-type="fig"}a), while it inhibited the parental HIV ~SF162~ virus (IC50 = 4.62 ± 1.72 µg/ml in the TZM-bl assay).Fig. 3Neutralization of SHIV~162P3~ cell-cell transmission by 2F5, 4E10, and 2G12 bNAbs used singly or in double or triple combinations. (a) TZM-bl neutralization assay. Results after 48 h of splenocyte/TZM-bl coculture are shown. (b) PBMC-based neutralization assay. Infection was analyzed by SIV p27 Ag ELISA seven days post-coculture. The mean and SEM of three to four independent experiments is shown. Dotted lines indicate 0, 50, and 90% inhibition viral transmission. Antibodies targeting the N-glycan of the gp120 (2G12) and the MPER (2F5 and 4E10) of the gp41 were used.Fig. 3

We then compared the efficiency of a triple *versus* double Ab pool by combining the Abs to target only the membrane-proximal external region (MPER) of gp41 (2F5 + 4E10) or both gp120 and the MPER (2G12 + 4E10 and 2G12 + 2F5). Double-Ab combinations were still active, although with some differences between the two assays. Although Abs targeting both gp120 and the MPER were as effective as the triple combination of Abs in the TZM-bl assay (IC50 = 48.93 ± 25.65 µg/ml for 2G12 + 4E10 and 36.64 ± 32.30 µg/ml for 2G12 + 2F5), in the PBMC assay the 2G12 + 4E10 combination failed to inhibit 90% of infection (IC90 and IC75 \> 132 µg/ml and IC50 = 57.90 ± 58.80 µg/ml). In general, however, we observed no significant differences and the triple and double combinations displayed comparable IC values ([Fig. 3](#fig0003){ref-type="fig"} and Supplementary Table 3). The anti CD4bs IgG1 b12 and the non-neutralizing Ab 5F3 were used as positive and negative controls, respectively (Supplementary Table 3).

3.3. Antibodies targeting the V3-loop and bridging region of the viral envelope are the best candidates to inhibit SHIV~162P3~ cell-to-cell transmission {#sec0022}
--------------------------------------------------------------------------------------------------------------------------------------------------------

The identification of second-generation bNAbs with potencies 10 to 100-fold greater than the first-generation bNAbs has renewed interest in their potential clinical use. We investigated whether protection from cell-mediated transmission could be improved using second-generation bNAbs. The neutralization titers of eight individual and combined bNAbs were evaluated against SHIV~162P3~ in a PBMCs-based cell-free and cell-to-cell assay. PGDM1400 was predicted to be non-neutralizing before any experiment was performed. A maximum Ab concentration of 5 µg/ml was used *versus* 132 µg/ml for the first-generation bNAbs. The ICs of the bNAbs are shown in Supplementary Table 4. Among individual Abs, anti-V3 loop 10--1074 and PGT128 and anti-bridging region Ab PGT151 showed similar inhibitory potency against cell-to-cell transmission, with IC90s of 1.56 ± 1.09, 1.93 ± 0.9, and 1.71 ± 1.17 µg/ml, respectively ([Fig. 4](#fig0004){ref-type="fig"}a). These concentrations were more than 50-fold lower than that of the 2F5+4E10+2G12 combination. Anti-CD4bs Ab N6 and 3BNC117 were less potent, with IC90 values of 4.45 ± 4.44 and \> 15 µg/ml, respectively. 10E8 and PG16 did not neutralize SHIV~162P3~, analogously to PGDM1400 ([Fig. 4](#fig0004){ref-type="fig"}a). Cell-free SHIV transmission was inhibited at Ab concentrations 11- to 33-fold lower than those for CAV transmission, as reflected by IC90 fold change (Supplementary Table 4). Interestingly, 10--1074, PGT128 and PGT151 were also the only bNAbs that completely neutralized cell-to-cell SHIV~162P3~ transmission, whereas the anti-CD4bs Abs displayed incomplete neutralization, with percentages of maximum inhibition in cell-to-cell infection of 89% for N6 and 76% for 3BNC117 (Supplementary Table 4).Fig. 4Neutralization of SHIV~162P3~ cell-cell transmission by a panel of 2nd-generation bNAbs in a PBMC based assay. bNAbs were used singularly (a) or in combination (b, c). Infection was analyzed by SIV p27 Ag ELISA seven days post-coculture. The mean and SEM of three to four independent experiments is shown. Dotted lines indicate 0, 50 and 90% inhibition of viral transmission. Antibodies targeting the V3 (10--1074 and PGT128), the bridging region (PGT151), the CD4bs (N6 and 3BNC117), the MPER (10E8) and the V1/V2 (PG16 and PGDM1400) were used.Fig. 4

We then combined bNAbs to target different epitopes. Among seven double combinations ([Fig. 4](#fig0004){ref-type="fig"}b) and three triple combinations ([Fig. 4](#fig0004){ref-type="fig"}c) tested, the observed additive effect was moderated. Indeed, with the exception of the 10--1074+PGT128+PGT151 and PGT128+PGT151 combination which inhibited 90% of infection at concentration between 0.1 and 1.0 µg/ml, the IC90 values of triple and double Ab combination remained in the same order of magnitude as those of single Abs (between 1 and 10 µg/ml) (Supplementary Table 4). 10--1074, which showed considerable potency and efficacy when used alone, was selected to further test its potential to block SHIV transmission mediated by semen leucocytes.

We further confirmed the specific inhibition of cell-to-cell transmission by bNAbs by differentiating splenocytes from PBMCs in the coculture system by flow cytometry and assessing viral transfer to PBMCs by intracellular p27 Ag staining. This strategy allowed us to discriminate splenocytes (CD45^+^CD3^−^) from PBMCs (CD45^−^CD3^+^) (Supplementary Figure 2a). Among PBMCs, we identified CD3^low^ and CD3^high^ populations, of which both were infected, with values of p27^+^ cells among total live cells ranging from 1.08 ± 0.05% to 5.41± 1.11% for the CD3^low^ population and 0.36 ± 0.03% to 0.39 ± 0.08% for the CD3^high^ population. The percentage of infected cells was consistently lower in the presence of second-generation bNAbs, with the greatest potency relative to that of the 2F5+2G12+4E10 pool ([Table 2](#tbl0002){ref-type="table"}). Among the various Ab/Ab combinations, 10--1074 used alone was among the most potent, showing a reduction of \> 96% of infected p27^+^ cells when used at 5 µg/ml ([Table 2](#tbl0002){ref-type="table"} and Supplemenatry [Fig. 2](#fig0002){ref-type="fig"}b). As expected, there was no inhibition in the presence of the NNAbs 5F3 or PDGM 1400 ([Table 2](#tbl0002){ref-type="table"} and Supplementary Figure 2c).Table 2Percentage inhibition of p27^+^ cells in the presence of bNAbs.Table 2![](fx1.gif)

3.4. bNAbs inhibits transmission by SHIV~162P3~-infected semen cells {#sec0023}
--------------------------------------------------------------------

We sought to determine whether the Abs could still inhibit cell-mediated transmission when CD45^+^ semen leukocytes were used as the source of virus. Semen was collected from four macaques (\#BA865F, \#1103075, \#CA147F, and \#MF1414) when the blood viral load (BVL) ranged from 1.77E+06 to 1.58E+05 copies/ml and the seminal viral load (SVL) from 3.03E+03 to 1.34E+06 copies/ml ([Fig. 5](#fig0005){ref-type="fig"}a).Fig. 5bNAb-mediated inhibition of semen leukocyte SHIV~162P3~ transmission to target cells. (a) Follow-up of blood viral RNA load (BVL, lines) and semen viral load (SVL, histogram) on the day of euthanasia of four macaques infected with SHIV~162P3~. Each color represents a different macaque. (b) TZM-bl infection by either 40,000 CD45+ semen cells or 40,000 spleen cells in presence and absence of 132 µg/ml of 2F5+2G12+4E10 Ab pool (targeting the N-glycan of the gp120 and the MPER of the gp41). Mean and SEM of one representative experiment performed in duplicate is shown. (c) The anti-V3 10--1074 Ab mediated inhibition of transmission from CD45^+^ semen cells to PBMCs. Infection was analyzed by RT-qPCR seven days post-coculture. Each condition was assessed in duplicate. The mean and SEM of three independent experiments, with semen cells purified from three different donors is shown.Fig. 5

We initially compared the efficiency of the 2F5+2G12+4E10 Ab combination against SHIV~162P3~ transmission mediated by semen leukocytes and splenocytes from the same donor \#BA865F, using a fix amount of 40.000 cells. Transmission by semen CD45+ cells to TZM-bl cells was inhibited more efficiently by 132 µg/ml Ab combination compared to splenocytes mediated transmission ([Fig. 5](#fig0005){ref-type="fig"}b). Of note, semen cells from \#BA865F were collected at day 11 whereas the spleen was harvest at day 13 post-infection, when the blood viral load had drop from 1.23E+06 to 4.93E+05 RNA copies/ml ([Fig. 5](#fig0005){ref-type="fig"}a), yet inhibition of semen cells -mediated infection to TZM-bl was more efficient .

We then evaluated the potency of the anti-V3 bNAb 10--1074 Ab as representative of second-generation bNAbs in a PBMC assay. Three independent experiments were performed by co-cultivating semen CD45^+^ leucocytes collected from \#1103075, \#CA147F and \#MF1414 respectively, with PBMCs in the presence of decreasing amounts of 10--1074. Semen CD45^+^ cells transferred infection to PBMCs (mean of 1.15 × 10^8^ ± 1.21 × 10^8^ RNA copies/ml at day 7 post-coculture) and 10--1074 bNAb inhibited transmission of the infection by up to 99% when used at a concentration as low as 0.062 μg/ml ([Fig. 5](#fig0005){ref-type="fig"}c). Moreover, complete neutralization of SHIV162P3 cell-cell transmission was observed (100% of maximum inhibitory concentration when 10--1074 was used at 10 μg/ml). Thus, Ab 10--1074 strongly inhibited transmission mediated by semen cells, with an IC90 value (\< 0.062 μg/ml) lower than those obtained when splenocytes were used as donor cells (Supplementary Table 4).

Our results support the potential use of bNAbs *in vivo* against cell-associated SHIV~162P3~ challenge.

4. Discussion {#sec0024}
=============

SHIV infection of macaques is the most suitable model for the preclinical evaluation of bNAbs inhibition but has been mainly used for studies of cell-free transmission and challenge with cell stocks remains unexplored \[[@bib0013],[@bib0015], [@bib0016], [@bib0017],[@bib0019],[@bib0020],[@bib0036],[@bib0037]\]. However, the selection of bNAbs that are able to suppress HIV-1 transmission, irrespective of the transmission mode, needs to be considered to ascertain their *in vivo* activity in therapeutic use and vaccines.

Here, we evaluated for the first time, the capability of a panel of bNAbs to inhibit cell-to-cell transmission of SHIV~162P3~ in a setting in which *in vivo* infected cells, notably semen cells, were used as the source of virus. HIV-1 transmission from infected to uninfected cells is likely to play a predominant role in infecting individuals [@bib0038] and several studies have shown that this mode of viral spread may represent a mechanism through which the virus can evade antibody-based immunity \[[@bib0021],[@bib0024],[@bib0029],[@bib0039]\]. In this scenario, semen leukocytes may act as Trojan horses, protecting cell-associated virus from host immune defenses [@bib0040]. Previous studies have reported the inability of bNAbs to interfere with cell-to-cell transmission but have also demonstrated that these observations depend on the cell type and the Ab used. Moreover, these studies primarily focused on *in vitro* infected cells \[[@bib0021],[@bib0024],[@bib0025],[@bib0029]\]. Due to the diversity between cell lines or even CD4^+^ *T* cells derived from blood and semen T cells, it is of utmost importance to establish more physiologically relevant *in vitro* systems. The cell-to-cell transmission system used here allowed us to evaluate bNAb-mediated inhibition in a setting in which both the percentage of infected cells and the proviral level reflect those found *in vivo*. Additionally, *in vitro* screening of bNAbs using a physiologically relevant cell-to-cell system is indispensable for the selection of the most promising candidates to be used in preclinical animal models.

Macaque semen has been found to be very similar to human semen, with a similar distribution and phenotype of semen leukocytes for the two species and expression of adhesion molecules involved in virological synapse formation and viral spreading [@bib0010], further validating the experimental system we used. In both human and macaques, infected cells in the semen are mostly represented by T lymphocytes and macrophages [@bib0010], [@bib0011], [@bib0012]. Here, we used spleen cells collected at a time of high plasma viremia of an acutely SHIV~162P3~-infected macaque as a surrogate of semen cells. We show that the major difference between the two cells types is represented by the percentage of macrophages, which are present in higher amounts in the spleens of infected macaques. However, the proportion of CD4^+^ *T* lymphocytes, both total and subsets of naïve, central memory and effective memory cells, were comparable. Moreover, similar activation level by monocytes/macrophages and both CD4+ and CD8+ lymphocytes in spleen and semen cells was observed, further highlighting the relevance of the experimental system we used. Our results showing that semen cells efficiently transmit the infection to target cells suggest that transmission is mostly mediated by lymphocytes. This was confirmed by the proviral load results we obtained, demonstrating that lymphocytes were the predominant infected cells among splenocytes. Accordingly, although both semen CD4^+^ *T* cells and macrophages contain viral DNA during primary and chronic SIV infection, infected cells are more frequently found in the CD4^+^ *T*-cell fraction [@bib0010]. However, in the context of chronic infection, CD4^+^ *T* cells are present in very low numbers and macrophages would therefore be major candidates for cell-to-cell transmission. Efficient HIV-1 transfer by infected macrophages and inhibition by bNAbs has been reported in several studies \[[@bib0020],[@bib0022]\]. Our system might be further developed to mimic the chronic phase of infection by isolating cells (spleen and semen cells) from chronically infected macaques, when macrophages number would predominate over CD4+ *T* cells and would likely represent the major cell type transmitting infection [@bib0010]. Our results also suggest that cells carrying a high proviral content provide proof for a high local MOI, as previously reported [@bib0041]. Indeed, cell-to-cell transmission was more effective when the DNA content of splenocytes was above 10^4^ copies per million cells. We could not systematically determine the proviral DNA content due to a limited amount of semen cells and the priority given to perform the transmission and neutralization assays. However, we observed that the seminal viral load possibly predicted the capacity of seminal leukocytes to transmit the infection *in vitro*. Indeed, transmission by semen leukocytes was not achieved when the semen viral load values were below 10^5^ RNA copies/ml (data not shown).

Here, we also demonstrate that exposure of the intact mucosa of the vagina and cervix of macaques to spleen cells infected with SHIV~162P3~ results in the transmission of infection. In a previous study we estimated that approximately 10^5^ copies of viral DNA would be needed to transmit infection to 50% of female macaques when using SIVmac251-infected cells [@bib0007]. In the present study with the less pathogenic SHIV~162P3~ strain we used a higher viral input, corresponding to 4 × 10^6^ viral DNA copies. This finding is compatible with current knowledge on natural HIV-1 infection in humans [@bib0042].

We employed two systems to assess SHIV~162P3~ transmission from infected splenocytes and bNAb-dependent inhibition. One was the TZM-bl cell line, which has already been used for evaluating the neutralization of CAV transmission \[[@bib0021],[@bib0029]\]. Although validated and widely used, TZM-bl cells express CD4 and CCR5 at higher than physiological levels [@bib0043] and are therefore not representative of CD4^+^ *T* lymphocytes *in vivo*. Moreover, the higher CCR5 level compared to PBMC was shown to reduce the sensitivity of the assay for certain Abs, including 2F5, 4E10 and 2G12, [@bib0044]. In agreement with this previous report, we showed that the PBMC assay was more sensitive for the detection of antibody-mediated inhibition of CAV transmission. The cell-type dependent differences in sensitivity we observed could also be attributed to different transition dynamics between conformational states and/or different maturation state of the envelope protein \[[@bib0023],[@bib0029]\]. It is possible that neutralizing epitopes that are displayed on PBMC-associated envelope may be less accessible on a fraction of TZM-bl-associated envelope. The splenocyte/target-cell transmission assay allowed us to evaluate whether the mode of HIV transfer has an influence on the potency of neutralizing Abs. Indeed, it is recognized that only a subset of potent HIV-1 bNAbs are able to inhibit most of the steps involved in the lymphocyte-to-lymphocyte spread of HIV-1, including the formation of virological synapses and the transfer of viral material from infected cells to their targets [@bib0024]. Our results are in accordance with those of previous studies reporting lower activity of bNAbs against cell-cell transmission when compared to cell-free infection \[[@bib0021],[@bib0024],[@bib0029],[@bib0039]\]. The importance to block cell-cell infection was highlighted by a mathematical analysis revealing that cell-to-cell transmission was more prone to give rise to escape mutations than cell-free virus spread [@bib0025]. Here, we also show that many of the 2nd generation bNAbs tested are effective against SHIV~162P3~ cell-to-cell transmission, with more than 50-fold higher potency when used individually over that of the triple combination of the 1st generation antibodies 2F5+4E10+2G12. One possible explanation for the differences in neutralization efficiency observed among antibodies may be due to differences in antibody binding avidity or differences in epitope accessibility [@bib0045]. Moreover, the difference in potency observed might be linked to the mechanism of action of the antibodies. Second generation bNAbs such as 10--1074 significantly decreased the formation of clusters and syncytia between uninfected and infected T cells, and the transfer of viral material through the virological synapse [@bib0024]. 2F5 or 4E10 (anti-MPER) rather act later, by inhibiting viral fusion \[[@bib0027],[@bib0046]\]. Further studies aiming to visualize the establishment of the virological synapse between infected splenocytes (or ideally semen cells) and T cells and bNAbs inhibition would help to dissect the potential mechanism behind the different potency of 1st and 2nd generation Abs.

Among 2nd generation bNAbs, those of the V3-glycan class (10--1074 and PGT128) and the anti-bridging region PGT151 bNAb were the most efficient, whereas the anti CD4bs antibodies were slightly less effective against SHIV~162P3~ cell-to-cell transmission (IC90 values were in the range of 1 to 10 μg/ml for single antibodies, with the exception of 3BNC117). A combination of bNAbs that target different sites on the HIV-1 envelope glycoprotein are being considered for effective therapy and possibly prevention. The improved efficacy observed was dependent by the specific combination chosen [@bib0029]. We observed a moderate additive effect when antibodies targeting the V3 and the BR of the gp120 were combined in a triple or a double combination, which led to one log lower IC90 values compared to the other combinations and single Ab tested.

In addition to antibody potency, efficacy or maximum neutralization is a critical parameter to consider in antibody therapy against HIV-1. If a significant fraction of virus is resistant to neutralization even in presence of saturating Ab concentrations, this has important implications in terms of viral escape and might contribute to a lack of viral control. Consistent with a prior study [@bib0023], we observed that some bNAbs failed to completely block cell-to-cell transmission compared to cell-free transmission even when present at high titers. The diminished neutralization efficacy was especially evident with 1st generation bNAbs. Incomplete neutralization was observed also in case of cell-free transmission, which is consistent with what reported by others [@bib0047]. Interestingly, incomplete inhibition of both cell-free and cell-to-cell transmission was especially evident in the TZM-bl assay. These results further evidenced cell-type specific shift in neutralization potency and efficacy.

To proof antibody inhibition of transmission initiated by semen cells, we selected a triple combination of 1st generation bNAbs and a single highly potent 2nd generation antibody. The 2F5+2G12+4E10 combination completely prevented SHIV~162P3~ vaginal transmission in macaques [@bib0020] and inhibited semen-cell SHIV~162P3~ transmission when used at the relatively high concentration of 132 μg/ml. Among the 2nd generation bNAbs that revealed to be highly potent against cell-to-cell SHIV~162P3~ transmission mediated by infected splenocytes, 10--1074 has entered clinical evaluation [@bib0048]. Aside from being highly potent *in vitro* against a large panel of HIV-1 pseudoviruses and primary isolates, 10--1074 was shown to protect macaques from cell-free viral challenge and to suppress viremia in both non-human primates and HIV-1 infected patients [@bib0048], [@bib0049], [@bib0050], [@bib0051]. We observed a strong inhibition of cell-to-cell transmission mediated by seminal leukocytes by the 10--1074 Ab, as reflected by both Ab potency (IC90 \< 0.062 μg/ml) and efficacy (100% of maximum neutralization capacity). The high efficiency of 10--1074 against CAV transmission may indicate a potential link between its inhibitory action in established infection *in vivo* and that during cell-cell transmission. Studies aiming to determine whether the efficiency of this Ab against cell-associated SHIV~162P3~ virus correlates with the ability to protect macaques exposed to infected cells are warranted.

Several studies provided evidences that bNAbs require Fc-mediated immunity for optimal efficacy *in vivo* [@bib0052], [@bib0053], [@bib0054]. Fc-mediated functions that eliminate infected cells may be particularly important for challenge systems involving cell-associated virus. Thus, even if maximal neutralization capacity fails to reach 100%, Fc-mediated functions represent an additional mechanism of action of the antibodies against infected T cells. Whether these additional functions also impact semen leukocyte-mediated infection of CD4+ T cells remains poorly characterized. The *in vitro* system we described here could be adapted to investigate the degree to which the efficacy of bNAbs is assisted by Fc-mediated functions.

A limitation of our study was that SHIV~162P3~ may not be representative of a diverse HIV-1 swarm and that a combination of bNAbs might be required to cover viral diversity and resistant variants within diverse viral populations, as suggested by other studies \[[@bib0029],[@bib0055]\].

In conclusion, our results confirm previous observations that cell-to-cell transmission is more difficult to neutralize than that by cell-free virus and show that first-generation bNAbs may not inhibit SHIV~162P3~ cell-to-cell transmission when used alone. However, this was not true for certain second-generation bNAbs, including the V3 loop N332 glycan supersite 10--1074 Ab, which maintained efficacy even when used individually against SHIV~162P3~ transmission mediated by both spleen and semen cells. The splenocyte-PBMC co-culture system we developed offers experimental and analytical advantages over traditional models of HIV-1 cell-to-cell transmission for the study of bNAb-inhibition and may provide a useful platform and screening method to better predict *in vivo* bNAb sensitivity.
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